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Starved–refed crabsThe present study assesses the effects of starvation and refeeding on 1-[14C]-methyl aminoisobutyric
acid (14C-MeAIB) uptake, 14C-total lipids, 14CO2 production from
14C-glycine, 14C-protein synthesis
from 14C-leucine and Na+–K+-ATPase activity in jaw muscle of Neohelice granulata previously
maintained on a carbohydrate-rich (HC) or high-protein (HP) diet. In N. granulata the metabolic
adjustments during starvation and refeeding use different pathways according to the composition of the
diet previously offered to the crabs. During starvation, 14CO2 production from 14C-glycine, and 14C-
protein synthesis from 14C-leucine were reduced in HC-fed crabs. In crabs maintained on the HP or HC
diet, 14C-total lipid synthesis increased after 15 days of starvation. In crabs fed HP diet, 14C-MeAIB
uptake and Na+–K+-ATPase activity decreased in refeeding state. In crabs refeeding HC diet, 14C-MeAIB
uptake and 14CO2 production decreased during the refeeding. In contrast, the 14C-protein synthesis
increased after 120 h of refeeding. In both dietary groups, 14C-total lipid synthesis increased during
refeeding. Changes in the carbon amino acid ﬂux between different metabolic pathways in muscle are
among the strategies used by this crab to face starvation and refeeding. Protein or carbohydrate levels in
the diet administered to this crab modulate the carbon ﬂux between the different metabolic pathways.
© 2012 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Starvation is an integral part of the natural life cycle of Neohelice
granulata. In the ﬁeld N. granulata, the concentration of hemolymph
glucose is increased in summer as compared with other seasons of
the year (Kucharski and Da Silva, 1991b; Valle et al., 2009). In winter
these animals stay in their holes for longer periods and the frequency
of dietary items in the stomach is low, indicating a reduced
availability of energy substrate (D'Incao et al., 1990; Turcato, 1990).
Therefore, N. granulata mobilizes body constituents and survives
natural starvation periods such as those encountered during the
winter. Hepatopancreas and muscle glycogen seem to be the main
energy sources in spring and summer, whereas muscle lipids are used
as energy substrate in fall and winter (Kucharski and Da Silva, 1991b).
N. granulata fed either a high-protein (HP) or a high-carbohydrate
(HC) diet exhibit a characteristic pattern of carbohydrate and lipid
metabolism adjustment (Kucharski and Da Silva, 1991a). Moreover,FRGS, Rua Sarmento Leite, no.
3 08 31 66.
vier OA license.the carbohydrate and lipid metabolism response to starvation and
refeeding also varies according to diet composition (Pellegrino et al.,
2008; Vinagre, 1992; Vinagre and Da Silva, 2002). In crabs previously
fed HP or HC diets and then starvation for 8 weeks, muscle glycogen
levels were already decreased after the ﬁrst week of starvation and
60% lower at the end of the experimental period in both groups
(Pellegrino et al., 2008; Vinagre, 1992). Crabs previously fed an HC
diet and then starved for 8 weeks showed a gradual decrease of total
lipid levels in muscle, which were 54% lower at the end of the
experimental period (Vinagre, 1992).
In refeeding after 21 days of food deprivation, N. granulata presents
an adjustment in the processes of anabolic synthesis to recover the
metabolic reserves that were lost during starvation (Vinagre and Da
Silva, 2002). In N. granulata previously fed an HP diet, 3 weeks of
starvation decreased glycogen synthesis from 14C-glycine in muscle;
however, after a 48-hour period of refeeding, these levels were close to
those of the fed group. Yet, the rate of incorporation of 14C-glucose into
muscle lipids was not inﬂuenced by starvation or refeeding and a
reduction in protein synthesis from 14C-glycine was found in muscle of
refed crabs (Vinagre and Da Silva, 2002).
Pellegrino et al. (2008) demonstrated that 15-day starvation caused
a reduction of the muscle gluconeogenic capacity from 14C-lactate in
N. granulata crabs previously maintained on an HC diet but an
increase of it in crabs previously fed an HP diet. However, in both fed
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responsible for maintenance of lactate levels in crabs fed HC diet.
In animals fed on the HP diet, the muscle gluconeogenesis and
glyconeogenesis pathways are involved in the reduction of lactate
levels during the refeeding period (Pellegrino et al., 2008).
Studies with different species of crustaceans have demonstrated a
wide diversity in metabolic strategies used during starvation and
refeeding (Hardy et al., 2000; Hervant et al., 1999; Mayrand et al.,
2000a,b; Sánchez-Paz et al., 2007; Vinagre and Da Silva, 2002).
In the tiger prawn Penaeus esculentus, the muscle protein is used
preferentially as source of energy after 5–15 days of starvation
(Barclay et al., 1983; Dall and Smith, 1986). In Gammarus fossarum,
a period of 7 days of refeeding led to partial restoration of the energy
reserves depleted during starvation. In contrast, in the amphipods
Niphargus virei and Niphargus rhenorhodanensis, energy reserves were
fully restored only after 15 days of refeeding (Hervant et al., 1999).
Hervant and Renault (2002) suggested a sequential energy strategy
with four phases (stress, transition, adaptation and recovery) to
represent the responses of subterranean crustaceans to food depri-
vation stress and renutrition.
In juvenile Litopenaeus vannamei starved for 21 days, a reduction
in digestive gland glycogen and lipids was observed; however, the
effect of starvation was smaller in shrimps previously fed a high
(40%) protein diet (Pascual et al., 2006). According to Rosas et al.
(2002), protein levels in diet modulate the use of energy in shrimp,
but the pathways involved in amino acid metabolism are little known
in N. granulata.
Thus, the aim of this study was to determine the role of diet
composition in muscle patterns of adjustments of amino acid meta-
bolism to starvation and different times of refeeding in N. granulata
previously maintained either on a high carbohydrate or on a high
protein diet.
2. Materials and methods
2.1. Animals
Male N. granulata in stage C of the intermolt cycle according to the
morphological criteria described by Drach and Tchernigovtzeff
(1967) were collected in Lagoa Tramandaí, a lagoon in the state of
Rio Grande do Sul, Brazil.
2.2. Experimental procedure
Upon arrival at the laboratory the crabs were weighed (16–18 g)
and placed (15 crabs/aquarium) in aquaria containing water with a
salinity of 20‰ and kept at 25 °C under a natural light/dark cycle. The
animals were divided in two groups: one to be fed a high-protein diet
(HP, beef, protein 21.59%, carbohydrate 0.03%, fat 6.71%; ash 0.35%;
ﬁber 0.31%; water content 71.01%; caloric content 146.87 cal/100 g),
and the other to be fed a carbohydrate-rich diet (HC, boiled rice,
carbohydrate 34.56%, protein 3.34%, fat 0.45%; ash 0.02%; ﬁber 0.30%;
water content 61.33%; caloric content 155.65 cal/100 g). Protein and
carbohydrate contents of the crab food constituents were determined
by the Food Technology Institute at Universidade Federal do Rio
Grande do Sul (UFRGS), Brazil. Both groups were fed daily ad libitum
(about 50 g) in the late afternoon for 2 weeks before being used in the
experiments. There was no variation in body mass (17.5±0.5 g) of
the crabs in either group during the experimental period. The
experiments were performed during spring and summer.
After this period of acclimation, the crabs were used in the
different experimental protocols. For starvation and refeeding
studies, pools of 14 animals receiving either the HC or the HP diet
were kept individually in closed polyethylene cages (10×10×10 cm)
inside the aquaria to avoid incidents of cannibalism and starvation for
15 days. The refed crabs were deprived of food for 15 days and thenfed ad libitum for 72, 96 and 120 h with the same diets (50 g)
administered before starvation (HP or HC). The control group was
maintained with HC or HP diet ad libitum during the experimental
period. All crabs were maintained in aquaria under the above-
mentioned conditions. After these periods of food deprivation and
refeeding, the same measurements carried out in the fed group
(control) were performed in crabs submitted to starvation and
refeeding. Before the experimental procedure, crabs were anesthe-
tized by chilling (5 min), and the two (left and right) jaw muscles
(50 mg) of individual specimens were rapidly removed and placed on
a Petri dish containing cold incubation buffer adapted to N. granulata
(SFC): 350 mM NaCl, 10 mM KCl, 25 mM CaCl2, 10 mM MgCl2,
8.8 mM H3BO3, plus 10 mM HEPES and 1% PMSF, pH 7.8. There was
no death or body-mass variation during the experimental periods.
Radioactivity was measured in an LKBWallac scintillation counter. All
counts contained an internal standard curve for quench correction.
2.3. 14C-MeAIB uptake
The present study used the 1-[14C]-methyl aminoisobutyric acid
(MeAIB), which is taken up by cells via sodium-dependent system A.
System A is adaptive, sensitive to changes in the electrogenic potential
and transports the neutral amino acids (glycine, alanine, methionine,
glutamine and proline) as well as methylamines (sarcosine and
betaine) (Guidotti and Gazzola, 1992; Schein et al., 2005). Muscle
samples (about 50 mg) were incubated (Dubnoff incubator) at 25 °C
with constant shaking for 60 min in 500 μL of SFC pH 7.8, equilibrated
with O2:CO2 (95:5, v/v) in the presence of 0.2 μCi of 1-[14C]-methyl
aminoisobutyric acid (60 mCi/mol, Du Pont). Following incubation, the
tissue fractions were removed from the medium, rinsed twice in cold
incubation buffer (without radiolabeled products), blotted on ﬁlter
paper and immediately transferred to screw cap tubes containing 1 mL
of distilled water, and alternately frozen and boiled three times (Schein
et al., 2005). Aliquots (100 μL) of this solution and of the incubation
media were used for radioactive counting in scintillation liquid (5 mL):
toluene–Triton X-100 (2:1, v/v) PPO 0.4%–POPOP 0.01%. The results
were expressed as tissue/medium (T/M) ratio, i.e., dpm/mL of tissue
ﬂuid divided by dpm/mL of incubation medium.
2.4. Conversion of 14C-glycine to 14C-lipids
For determination of 14C-lipid synthesis, muscle slices (50 mg)
were incubated at 25 °C with constant shaking with 500 μL of SFC
pH 7.8, equilibrated with O2:CO2 (95:5, v/v) in the presence of 0.2 μCi
of [U-14C]-glycine (104 mCi/mmol Amersham, International), plus
5 mM of unlabeled glycine, for 60 min. After addition of the unlabeled
substrates, the incubation medium pH was determined. Tissue
reactions were stopped in an ice bath, and the tissues fractions were
removed from the medium, rinsed twice in a cold incubation buffer
(without radiolabeled products), and blotted on ﬁlter paper. The
samples were homogenized in chloroform:methanol (2:1, v/v). 14C-
total lipids were extracted according to Folch et al. (1957), dissolved
in 5 mL of toluene–PPO 0.5%, and radioactivity (dpm) was counted.
The results were expressed as μmol of 14C-glycine converted into 14C-
total lipids·mg−1 of protein·h−1 of incubation.
2.5. 14CO2 production
For production of 14CO2, the muscle samples (about 50 mg)
were incubated at 25 °C with constant shaking in sealed ﬂasks
with 500 μL of SFC pH 7.8, equilibrated with O2:CO2 (95:5, v/v)
in the presence of 0.2 μCi of [U-14C]-glycine (104 mCi/mmol,
Amersham International) plus 5 mM of unlabeled glycine, for
60 min. Small strips of 3MM Whatman papers were placed into
glass wells inserted in the rubber stoppers of the ﬂasks. During
the incubation, the wells remained above the incubation medium.
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the SFC and 200 μL of 1 M Hyamine® hydroxide (ammonium,
benzyldimethyl (2-(2-(4-(1,1,3,3-tetramethylbutyl)tolyloxy)ethoxy)
ethyl)-chloride) solution in methanol injected into the wells, through
the rubber stopper, to trap 14CO2 (Torres et al., 2001). The sealed ﬂasks
remained at room temperature overnight, after which the wells with
the paper were placed in vials containing 8 mL of scintillation liquid,
and radioactivity was counted. The values of 14CO2 production were
expressed in μmol of 14C-glycine converted to 14CO2·g−1of tissue·h−1
of incubation.2.6. Conversion of 14C-leucine to 14C-protein
For determination of 14C-protein synthesis, fractions of the muscle
(about 50 mg) were incubated at 25 °Cwith constant shaking in 500 μL
of SFC pH 7.8, equilibrated with O2:CO2 (95:5, v/v) in the presence of
0.2 μCi of [U-14C]-leucine (315 mCi/mmol Amersham, International),
plus 5 mM of unlabelled leucine, for 180 min. Previous trials showed
that incorporation rates remained linear over the incubation period
(Vinagre, 1999). Tissue reactions were stopped in an ice bath, and the
tissues were rinsed threefold in cold SFC (without radiolabeled
product), dried on ﬁlter paper, and immediately transferred to screw
cap tubes containing 500 μL of distilled water and were homogenized
by polytron at 20,000 rpm for 30 s. Samples (50 μL) were removed for
determination of total proteins. A 100 μL volume of homogenate was
then applied to 1×4 cm of glass microﬁber ﬁlter (GF/B Whatman) and
allowed to dry. To precipitate proteins ﬁlter papers were rinsed in 10%
TCA for 10 min. Strips were then washed twice with 95% ethanol and
twice in ether. After drying, ﬁlter papers were inserted into 5 mL
scintillation liquid and counted (Richardson et al., 1997). The results
were expressed as μmol of 14C-leucine converted into 14C-protein·mg−1
of protein·h−1 of incubation.0.2
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)2.7. Enzyme assay
For determination of the Na+–K+-ATPase (EC 3.6.1.3) activity, the
membrane was extracted from tissue (500 mg) according to Barnes
and Blackstock (1993). The tissue was homogenized (10% w/v) in
cold Tris buffer (40 mM) and phenylmethylsulfonyl ﬂuoride (1 mM;
Sigma-Aldrich, St. Louis, MO, USA), pH 7.4. The homogenate was
centrifuged at 10,000 g at 4 °C, and the supernatant was collected and
centrifuged at 40,000 g (4 °C). The pellet was resuspended in the
same buffer and centrifuged again at 40,000 g (4 °C). This last
supernatant was then used as the source of Na+–K+-ATPase. A
sample was removed for measure of proteins. Na+–K+-ATPase
activity was determined according to the method described by
Esmann (1988). Incubation (500 μL) medium A contained ATP
(5 mM, Sigma), NaCl2 (60 mM), KCl (10 mM) and MgCl2 (40 mM),
pH 7.4. In incubation (500 μL) medium B, KCl was replaced by
ouabain (1 mM, Sigma). Aliquots (50 mg of protein) of homogenate
were incubated at 30 °C in medium A or B, for 30 min. The enzyme
reaction was stopped by addition of 10% trichloroacetic acid. The
inorganic phosphate (Pi) released was determined using the method
of Chan and Swaminathan (1986) and Na+–K+-ATPase activity was
calculated as difference between medium A and B in Pi content in
nmol per min. Results were expressed in nmol of the Pi·mg−1
protein·min−1.0.0
Fed Fasted R 72h R 96h R 120h
Fig. 1. Effect of fasting and different times of refeeding on the uptake of [14C]-MeAIB in the
jawmuscle ofNeohelice granulatapreviously fed aHCorHPdiet. Data are given asmeans±
S.D. Number of crabs are indicated inside the bars. (a) indicates signiﬁcantly different from
the fed group; (b) indicates signiﬁcantly different from the fasting group. T/M dpm/mL of
tissue ﬂuid divided by dpm/mL of incubation medium after 1 h incubation.2.8. Chemical analyses
Protein concentration was determined by the method of Bradford
(1976), using bovine serum albumin as standard. The results were
expressed as g% of protein.2.9. Statistical analyses
Results are expressed as mean±S.D. (standard deviation). Data
from the experiments were used to compare the effects of the HP and
HC diets by two-way analysis of variance (ANOVA). To compare the
different experimental conditions to which the two groups were
submitted, we used one-way ANOVA followed by Student-Newman–
Keuls (SNK) comparison test at signiﬁcance levels of Pb0.05 and
Pb0.01. All tests were performed with statistical software SigmaStat
3.1.3. Results
In jaw muscle of crabs previously fed a HC or HP diet, 14C-MeAIB
uptake values were not affected by 15-day starvation (Fig. 1).
However, after 72 h of refeeding, in crabs previously fed the HC
diet, 14C-MeAIB uptake values decreased by 58% (Pb0.05) as
compared to control and starvation groups, and remained low until
the end of the experimental period. In the HP group, a decrease of 74%
(Pb0.05) in 14C-MeAIB uptake values was observed only at 120 h of
refeeding. No difference in 14C-MeAIB uptake was observed in muscle
of fed crabs under the two different diets (Fig. 1).
In the control group, diet composition did not affect the muscle
ability to synthesize 14C-lipids from 14C-glycine. However, after
starvation the ability to form 14C-lipids from 14C-glycine increased by
4.7-fold in the HC group and 14-fold in the HP group as compared to
their respective control groups. In both HP and HC diets, incorporation
of 14C-glycine in muscle total lipids remained high (Pb0.05) during the
refeeding period of 72 to 96 h. After 120 h of refeeding, 14C-lipid values
inmuscle increased by 17.4-fold and 18.5-fold (Pb0.05) as compared to
the values of the groups fed the HC and HP diets, respectively (Fig. 2).
Inmuscle fromHC control group, 14CO2 production from 14C-glycine
was 1.7 times as high (Pb0.05) as the one detected for HP group crabs.
In crabs previously fed the HC diet, 14CO2 production from 14C-glycine
in muscle decreased by 56% (Pb0.05) after starvation, returning to the
levels of the fed group at 72 h of refeeding. However, in the 96–120 h
refeeding period, 14CO2 production from 14C-glycine was decreased
(Pb0.05) as compared to control and 72 h refeeding groups. In crabs
previously fed the HP diet, starvation and refeeding did not affect the
levels of 14CO2 production from 14C-glycine (Fig. 3).
In crabs previously fed the HC diet, the muscle ability to synthesize
14C-proteins from 14C-leucinewas 2.3-fold greater (Pb0.05) than in the
HP diet group. In animals submitted to the HP diet, starvation and
refeeding did not alter 14C-protein synthesis from 14C-glycine in jaw
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Fig. 2. Effect of fasting and different times of refeeding on the incorporation of 14C
from glycine into lipid in jaw muscle of Neohelice granulata previously fed a HC or HP
diet. Data are given as means±S.D. Number of crabs are indicated inside the bars.
(a) indicates signiﬁcantly different from the fed group; (b) indicates signiﬁcantly
different from the fasting group; (c) indicates signiﬁcantly different from the R 72 h
group; (5) indicates number of crabs.
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Fig. 4. Effect of fasting and different times of refeeding on the 14C-leucine incorporation
of 14C from leucine into protein in jaw muscle of Neohelice granulata previously fed
a HC or HP diet. Data are given as means±S.D. Number of crabs are indicated inside
the bars. The superscript indicate signiﬁcant difference ⁎(Pb0.05) between diets;
(a) indicates signiﬁcantly different from the fed group; (b) indicates signiﬁcantly
different from the fasting group; (c) indicates signiﬁcantly different from the R 72 h
group; (d) indicate signiﬁcantly different from the R 96 h group.
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72 h and 96 h of refeeding markedly decreased 14C-protein synthesis
from 14C-glycine in jaw muscle. After 120 h of refeeding, 14C-protein
synthesis values in the HC groupwere increased (Pb0.05) as compared
to fasting and 72 h and 96 h refeeding groups (Fig. 4).
There were no differences in total protein concentrations in
muscle of crabs previously fed the HC or the HP diet. In both groups,
the values of total proteins in muscle were not affected by fasting and
by the different refeeding times (Table 1).
Na+–K+-ATPase activity in muscle of crabs maintained on the HC
and HP diets was compared and found to be 2.6-fold higher (Pb0.05)
in the HP group. In the HC group, starvation and refeeding did not
affect Na+–K+-ATPase activity. In the HP group, 15-day of food
deprivation did not change Na+–K+-ATPase activity. However,
refeeding for 96 and 120 h decreased Na+–K+-ATPase activity by
56% and 51% (Pb0.05), respectively, as compared to the fed group
(Fig. 5).
4. Discussion
Studies in N. granulata have demonstrated the inﬂuence of diet
composition on the physiological events involved in homeostasisFed Fasted R 72h R 96h R 120h
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Fig. 3. Effect of fasting and different times of refeeding on 14CO2 formation in the
jaw muscle of Neohelice granulata previously fed a HC or HP diet. Data are given as
means±S.D. Number of crabs are indicated inside the bars. The superscripts
indicate signiﬁcant difference ⁎(Pb0.05) between diets; (a) indicates signiﬁcantly
different from the fed group; (b) indicates signiﬁcantly different from the fasting
group; (c) indicates signiﬁcantly different from the R 72 h group.during food deprivation (Oliveira et al., 2004; Pellegrino et al., 2008;
Vinagre, 1992). No signiﬁcantly variation of glycogen, total lipids in
muscle and hepatopancreas and hemolymphatic glucose was found
between N. granulata maintained on the HC or HP diet for 15 and
30 days (Kucharski, 1990). Also, in crabsmaintained on a carbohydrate-
rich or high-protein diet for 15 and 30 days, no molts were found
(Kucharski, 1990). Thus, in this study the crabs were fed either a high-
protein (HP) or a high-carbohydrate (HC) diet for 15 days.
This study shows that dietary protein and carbohydrate previously
provided to crabs affect the synthesis of endogenous physiological
fuels in muscle in the fed state, as well as the tissue ﬂow of carbon
from energy-linked substrates in starvation and refeeding status.
No signiﬁcant difference was found in muscle protein levels and
14C-MeAIB uptake between crabs fed HP and HC diets, suggesting
that the muscles of HC- and HP-fed crabs were in the same protein
condition. The lower capacity to incorporate 14C-leucine into
proteins in muscle from HP control group suggests that this amino
acid is diverted from protein synthesis pathway to give rise to
acetyl-CoA for ATP formation, since the levels of ATP and glycogen
are greatly reduced in this group of animals (Marqueze et al., 2006).
In vertebrates, the leucine oxidation increases when the concen-
trations of glycogen and/or ATP in muscle are reduced (De Feo et al.,
2003). Supporting this hypothesis, in HP-fed crabs the formation of
14CO2 from 14C-glycine in fed group (control) was lower than that
found in the HC group. Also, this result may be explained by the
higher 14CO2 production from 14C-lactate found in muscle from HP-
fed crabs where the lactate:glucose ratio in hemolymph is 1.35
(Marqueze et al., 2006; Pellegrino et al., 2008). Elucidation of thisTable 1
Effect of fasting and different times of refeeding (R) on the protein concentration in jaw
muscle of Neohelice granulata previously fed a high-protein (HP) or carbohydrate-rich
(HC) diet.
Diet groups
HC HP
Fed 4.90±0.30 (10) 4.46±0.93 (7)
Fasted 4.45±1.02 (5) 4.29±1.14 (5)
R 72 h 4.87±0.81 (5) 4.51±1.09 (5)
R 96 h 4.96±0.33 (5) 5.21±0.19 (5)
R 120 h 5.01±0.22 (5) 4.86±0.37 (5)
Protein concentrations are given as g%.
Data are given as means±S.D. Number of male crabs in brackets.
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Fig. 5. Activity Na+–K+-ATPase during fasting and subsequent times of refeeding in jaw
muscle of Neohelice granulata previously fed a HC or HP diet. Data are given as means±S.D.
Number of crabs are indicated inside the bars. The superscripts indicate signiﬁcant difference
⁎(Pb0.05) between diets; (a) indicates signiﬁcantly different from the fed group.
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incorporation into 14CO2 in muscle from HP- and HC-fed crabs.
It is noteworthy that muscle Na+, K+ ATPase activity is very low
in the group fed the HC diet. In L. vannamei no signiﬁcant differences
were observed in Na+, K+-ATPase mRNA level after 20 days on diets
with different protein contents (25–50%) (Erchao et al., 2011). In
male crustacean Hyalella castroi fed on high carbohydrate diet for
7–14 days, Na+, K+ ATPase activity is lower as compared to high-
protein fed crabs (Gering et al., 2009). The authors suggested that the
lower Na+, K+ ATPase activity in crabs fed with high carbohydrate
diet can be explained by the high levels of lipoperoxidation, leading
to alterations in membrane structure and function (Gering et al.,
2009). In this study, the activity of Na+, K+-ATPase was assayed by
the method of Esmann (1988), which is sensible to ouabain. Another
likely explanation is that the HC diet elicits an enhancement of the
ouabain insensitive enzyme Na+, K+-ATPase. It is noteworthy that
ouabain insensitive and sensitive enzymes Na+, K+-ATPase were
found in N. granulata jaw muscle and hepatopancreas (Pinoni and
Mañanes, 2009; Schein et al., 2005).
The semi-terrestrial crab N. granulata is tolerant to starvation,
since this status is an integral part of its life cycle, as in winter it
remains in holes for longer periods and food is scarce (Kucharski and
Da Silva, 1991b; Turcato, 1990). Nevertheless, N. granulata maintains
physiological homeostasis even after 8 weeks of food deprivation
(Vinagre, 1992). Successful starvation strategies must enable an
animal to mobilize endogenous physiological fuels such as proteins,
lipids, and carbohydrates to meet the energetic demands required to
carry out the basic processes of life (McCue, 2010).
The ﬁnding that Na+, K+ ATPase activity does not show signiﬁcant
change after food deprivation in muscle from crabs fed on either diet
conﬁrms the results obtained by Vinagre (1992), which demonstrat-
ed the capacity of this crab to maintain the metabolic homeostasis for
long fasting periods. In contrast, in other crustaceans, such as
Paralomis granulosa and Lithodes santolla, starvation increases oxygen
consumption (Comoglio et al., 2005, 2008).
It is noteworthy that 14C-MeAIB uptake is maintained with little
variation during the starvation period in muscle of crabs fed on either
diet, suggesting that the present results are not a consequence of ﬂow
changes of amino acids into muscle cells.
In this study, the decrease of 14C-glycine oxidation in HC-fed crabs
after 15 days of starvation would be a consequence of the utilization
of glucose as source of energy. In N. granulata starved for 15 days,
Pellegrino et al. (2008) found a marked decrease of glycogen
concentration in jaw muscle and glucose levels in hemolymph.
Moreover, in HC-fed crabs the rate of conversion of 14C-leucine
to 14C-protein decreased, and the reduction of energy-consumingprocesses, such as protein synthesis, could be a strategy to
prioritize the expenditure of ATP in metabolic pathways that are
important for the maintenance of homeostasis during starvation. In
hepatopancreas of N. granulata previously fed an HC-diet and
starved for 15 days, the gluconeogenesis from 14C-alanine in-
creased in relation to the fed crabs (Oliveira et al., 2004). However,
the protein reserve in muscle was maintained without signiﬁcantly
changes after 15 days of starvation. In contrast, other crustaceans,
such as P. granulosa and L. santolla, use protein reserves as a source
of energy during the early stages of starvation (Comoglio et al.,
2005, 2008).
Still, in HP-fed crabs the maintenance of amino acid oxidation
during the starvation period would be a strategy to obtain energy,
since Pellegrino et al. (2008) did not ﬁnd signiﬁcant change in muscle
glycogen concentration after 15 days of starvation in this alimentary
group. Also, in crabs previously fed an HP diet, the incorporation of
14C from leucine into proteins did not change signiﬁcantly after
15 days of starvation. Thus, the maintenance of protein synthesis and
amino acids uptake capacities in muscle of HP-fed crabs during
starvation keeps the protein synthesis/mobilization cycle important
for homeostasis during starvation. In this group, the protein content
in muscle is maintained after 15-day starvation. In L. vannamei a
marked decrease in hemolymph protein content after 15-day
starvation was observed in shrimp previously fed 5% and 40% protein
diets (Pascual et al., 2006).
The experiments in vitro with muscle were carried out to ﬁnd out
if starvation and refeeding induced changes in the intrinsic synthetic
capacity of this tissue. The experiments show that 15 days starvation
increased the capacity of muscle tissue from crabs fed on either diet
to synthesize total lipids from 14C-glycine. A likelier explanation is
that starvation elicits an enhancement of the glyceroneogenic
activity, increasing incorporation of 14C from glycine into triacylgly-
cerol. Starvation for 15 days increases total lipid values in hemo-
lymph of N. granulata by approximately 100% in crabs fed the HP diet
and 40% in animals previously maintained on the HC diet (Vinagre,
1992). Moreover, in crabs previously maintained in an HC or HP diet
the muscle lipid concentration was not affected by starvation for
15 days (Vinagre and Da Silva, 2002). The fact that muscle PEPCK
activity in crabs previously fed either diet increased after 15 days of
starvation (unpublished data) suggests that the muscle glyceroneo-
genic pathway could maintain the cycle triacylglycerol/fatty acids
during starvation. N. granulata muscle lipids are important energy
sources in the winter period, when food is scarce (Kucharski and Da
Silva, 1991b), after long periods of food deprivation (8 weeks)
(Vinagre, 1992), and during osmoregulation effort (Bianchini et al.,
2008; Chittó et al., 2009; Luvizotto-Santos et al., 2003; Martins et al.,
2011).
The activation of endergonic synthetic processes is a characteristic
of refeeding, and in some animals species a long period is necessary to
attain the metabolic pattern of the fed state. Also, the metabolic
adjustment that occurs in refeeding differs from those that occur in
starvation or fasting and in the fed state (Hervant et al., 1999).
In crabs refed with the HC diet no signiﬁcant alteration in the Na+,
K+-ATPase activity was observed in relation to starvation and fed
states, suggesting that the activation of synthesis processes does not
increase the metabolic rate in muscle of HC-fed crabs.
Starvation (15 days) followed by refeeding with an HC diet for
120 h increased signiﬁcantly the hemolymphatic glucose concen-
tration, glycogen levels, gluconeogenic and glyconeogenesis activ-
ities from lactate in N. granulata muscle (Pellegrino et al., 2008). It
seems that during the 120 h of refeeding with a HC diet the muscle
carbohydrate reserves are restored (Pellegrino et al., 2008). These
ﬁndings may explain the reduction in 14C-MeAIB uptake and the
low capacities for protein synthesis and 14C-glycine oxidation
found in this study after 120 h of refeeding with HC diet. On the
other hand, lipid synthesis from 14C-glycine in muscle increased
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that 14C-glycine is diverted from protein and citric acid cycle
pathways to the lipid synthesis pathway. At 120 h of refeeding with
HC diet the incorporation of 14C-glycine into lipids reaches values
400% as high as those found in control group, when the protein
synthesis capacity returns to values similar to those of control
group.
The pattern of the adjustments of amino acid metabolism to
refeeding in crabs fed with HP diet differs from the one observed in
crabs fed with HC diet.
Refeeding with HP diet for 72–120 h did not change markedly
14C-MeAIB uptake, 14C-glycine oxidation, and protein concentra-
tion and synthesis. However, the ability to synthesize lipids from
14C-glycine remained high throughout the period of refeeding with
the HP diet. It is noteworthy that in the HP group, 15-day starvation
did not signiﬁcantly affect hemolymphatic glucose, glycogen and
lipid levels in muscle (Pellegrino et al., 2008; Vinagre, 1992). Thus
the amino acids from the HP diet would be converted to lipids in the
muscle, since muscle lipid is an important energy reserve used by
the N. granulata during osmoregulation and winter (Kucharski and
Da Silva, 1991b; Luvizotto-Santos et al., 2003; Martins et al., 2011).
In conclusion, changes in the ﬂux of amino acid carbon between
different metabolic pathways in muscle are among the strategies used
by this crab to face starvation and refeeding. Protein or carbohydrate
levels in the diet administered to this crab modulate the carbon ﬂux
between the different metabolic pathways. Also, the results conﬁrm
that proteins are an important source of energy in N. granulata, as
observed as well in other crustaceans (Pascual et al., 2006; Rosas et
al., 2002).
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